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Abstract
To examine the susceptible period for deprivation-induced myopia, six groups of tree shrew pups (Tupaia glis belangeri ) were
monocularly deprived for 12 days with an opaque occluder starting 7, 15, 21, 33, 48, or 63 days after natural eyelid opening.
Compared to the untreated fellow control eye, significant myopia and vitreous chamber elongation were produced by the
deprivation in all six groups. The effect was greater in the middle three groups in comparison with the youngest and the two oldest
groups and the amount of induced myopia and axial elongation was not proportional to the normal rate of axial growth. The
peak period of susceptibility was between approximately 15 and 45 days after eye opening during the juvenile, slow-elongation
phase of ocular development when the eye is within 7% of its adult axial length. Significant myopia and axial elongation were also
induced in adult animals by 70 days of monocular deprivation. To examine recovery from deprivation–induced myopia, the
occluder was removed at the end of the 12 day deprivation period. After an additional 48 days of binocular visual experience, no
significant myopia was present in the previously deprived eyes in any experimental group. During the recovery period, the
elongation rate of the previously deprived eyes was reduced in comparison with the control eyes while normal corneal flattening
and lens development continued, thus reducing the myopia. No difference in corneal curvature, relative to the untreated control
eyes, was found after deprivation or after the recovery period. Data are presented which suggests that changes in the thickness
of the choroid may occur in this mammal during deprivation and recovery that are in the same direction, but of smaller
magnitude, than those reported in the chicken. The results of this study provide evidence that visually guided emmetropization
occurs in this mammalian species during a period of ocular development analogous to the juvenile period in humans. © 1998
Elsevier Science Ltd. All rights reserved.
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1. Introduction
Visual form deprivation has been found to produce
myopia in many species, including tree shrew [1,2],
chick, [3,4], macaque monkey [5], marmoset [6], squirrel
[7], kestrel [8] and human [9,10]. In all species studied,
the myopia produced by form deprivation is due pri-
marily to vitreous chamber elongation that increases
the axial length and moves the retina behind the focal
plane [2,5,3]. Juvenile onset myopia in humans also is
characterized primarily by vitreous chamber elongation
relative to emmetropic eyes with the same optical power
[11,12]. This, and other similarities, raise the possibility
that human juvenile-onset myopia may be caused, at
least in part, by the visual environment and that the
biological mechanisms responsible for axial elongation
beyond that needed for emmetropia may be similar in
form-deprived animals and in myopic children.
An argument against the application of animal mod-
els of myopia to the etiology of human juvenile-onset
myopia is that the susceptible period for deprivation-in-
duced myopia in animals appears to be early in com-
parison to the onset of human myopia [13]. Children
typically develop myopia during the secondary, slow-
growth phase after the eye has completed 95% of its
axial growth [14,15]. In contrast, several form-depriva-
tion studies in animals have found that eyes are most
susceptible to form deprivation-induced myopia during
the early period of rapid neonatal eye growth [16–18].
* Corresponding author. Fax: 1 205 9345725; e-mail:
jsiegwart@icare.opt.uab.edu
0042-6989:98:$19.00 © 1998 Elsevier Science Ltd. All rights reserved.
PII: S0042-6989(98)00053-4
J.T. Siegwart Jr, T.T. Norton : Vision Research 38 (1998) 3505–35153506
This has raised questions [13] about whether the visual
environment can alter the axial elongation rate in ani-
mals during the secondary slow growth phase and,
consequently, whether the animal models are relevant
to human juvenile myopia. One goal of this study was
to characterize the susceptibility of tree shrews to form
deprivation-induced myopia and to determine whether
it is higher during the rapid infantile growth phase or
during the slower juvenile phase.
The discovery that chicks can recover from an in-
duced myopia [17] if the visual form deprivation is
removed has provided strong evidence not only that the
eye requires a ‘normal’ visual environment to develop
normally, but also that emmetropization is a visually-
guided process [19,20]. A previous study in tree shrews
by McBrien and Norton [21] found no recovery from
an induced myopia that was produced by eyelid clo-
sure. In the present study, recovery was examined sim-
ply by removing the goggle frame at the end of the
deprivation period and allowing binocular visual expe-
rience for an additional 48 days. Portions of this work
have appeared in abbreviated form [22,23].
2. Methods
2.1. Subjects
The 34 animals in this study were mother-reared tree
shrews (Tupaia glis belangeri ) born in our breeding
colony. Natural eyelid opening occurred at an average
age of 20.392.8 (mean9S.D.) days with the first day
that both eyes were fully open designated day one of
visual experience (VE). All animals in the experiment
were kept in the top cages of two-tiered racks under a
14:10 h light:dark cycle. All procedures were in accor-
dance with ARVO guidelines for the use of experimen-
tal animals. The University of Alabama at Birmingham
is a fully AAALAC-accredited institution.
2.2. Experimental groups
Animals were randomly assigned to one of six groups
(n5 in each group) with the restriction that there was
an overall balance of males and females in the study,
that no group contained more than three animals of
one gender and, to avoid possible genetic bias, that
only one animal from a given set of parents was placed
in each group. On day 7, 15, 21, 33, 48, or 63 of visual
experience (VE) the animals were fitted with a goggle
frame and began 12 days of monocular deprivation
(MD) (Fig. 1). At the end of the deprivation period, the
goggle frame was removed and the animals were al-
lowed binocular vision for an additional 48 day ‘recov-
ery’ period. Throughout this report, groups are
identified by the days of VE at the onset and end of the
MD period (e.g. the 7–19 group received MD starting
at 7 and ending at 19 days of VE, and a recovery period
extending an additional 48 days).
To learn whether form deprivation can induce my-
opia in adult tree shrews, two animals received MD for
70 days from 215 to 285 days of VE and a 48-day
recovery period. Two additional animals received MD
from 400 to 470 days of VE. This is well after sexual
maturity, which occurs at approximately 110 days of
VE.
2.3. Monocular depri6ation procedure
The animals were fitted with a light-weight aluminum
goggle frame [24]. An opaque occluder (a 7 mm base
curve, 12 mm diameter PMMA plano contact lens,
darkened with black paint) mounted in the goggle
frame covered one eye. The right or left eye was
randomly selected to be deprived, with an overall bal-
ance of left:right eyes across groups and no more than
three animals in a group with the same eye deprived.
The fellow eye served as a control, viewing the world
through an open goggle frame containing no lens. It
was not possible to measure the light level that reached
the deprived eye. However, a small gap (less than 1
mm) was maintained between the goggle frame and the
skin to allow air circulation and to avoid irritation of
the skin, so some reflected light undoubtedly reached
the eye. Therefore, the deprived eyes were not com-
pletely light deprived as is the case in dark-rearing
experiments. Inspection with a retinoscope showed no
retinal reflex from any angle, indicating that the pupil-
lary opening was covered, so no form vision was possi-
ble. The goggle was removed in a dimly lit room for a
brief period (1–2 min) each day and the animals placed
in a darkened nest box while the occluder was cleaned.
Subsequent experiments utilizing translucent diffusers
applied at a more restricted range of ages [24–26] have
Fig. 1. Timing of the period of monocular deprivation (MD) and the
recovery period in the six experimental groups.
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yielded similar results, in terms of the magnitude of
myopia produced and change in ocular component
dimensions.
2.4. Measurement of refracti6e state and ocular
dimensions
Before the start of the deprivation period, the ani-
mals received normal binocular visual experience in the
animal colony. On the designated day, they were anes-
thetized (17 mg ketamine HCl, 1.1 mg xylazine, supple-
mented with 0.5–4% halothane as needed) for a
pre-deprivation A-scan ultrasound examination to en-
sure that no substantial initial ocular differences were
present. A-scan ultrasonography was conducted as in
previous reports [25,27]. The procedure was conducted
without cycloplegia because it has been reported that
atropine blocks experimentally-induced myopia in tree
shrew [28]. As a result, the pupils were very small,
precluding the assessment of refractive state in the
pre-deprivation measurements. Following the A-scan
measurements, the goggle frame pedestal was installed
as described previously [24]. When the animals had
recovered from the anesthesia, the goggle was attached
and the deprivation period began.
At the end of the 12-day MD period, all subjects
received a full set of refractive and ocular measures of
the deprived and control eyes as previously described
[25,27]. Atropine cycloplegia was administered at least
1 h before each eye was examined. Measures included
corneal radius with a modified Bausch and Lomb two-
position keratometer, streak retinoscopy on the hori-
zontal and vertical axes, a second refractive measure on
the same axes with a Hartinger coincidence optometer,
and A-scan ultrasonography as in the pre-deprivation
measures. The horizontal and vertical refractive mea-
sures were averaged to provide the spherical equivalent
refraction. Following the post-deprivation measure-
ments and after recovery from anesthesia, the animals
were returned to their cages without the goggle frame
to begin the 48 day recovery period. At the end of the
recovery period, the animals were anesthetized and the
full set of corneal, refractive and ultrasound measures
were repeated under atropine cycloplegia.
2.5. Statistical analysis
The software package Statistica (StatSoft, Tulsa,
OK) was used to perform statistical tests. Repeated
measure analysis of variance (ANOVA) was used to
compare the values from the deprived eyes with those
of the control eyes across the six age groups. The least
significant difference (LSD) post hoc test was used to
compare values from the deprived and control eyes
within each group and contrast analysis was used to
examine whether the amount of induced myopia and
Fig. 2. (A) Measures of refractive state assessed with streak
retinoscopy in the six groups. Open circles indicate the control eyes,
filled circles indicate the deprived eyes. Error bars indicate the
standard error of the mean. The vertical scale on the right side of the
figure shows refractions corrected for the small eye artifact. (B)
Differences in refraction between the deprived eyes and control eyes.
The data from each group are placed along the abscissa at the day of
VE on which the measurements were made.
axial elongation differed between the groups. Pearson
correlation was used. Any difference described in the
Results as significant had a P value of less than 0.05.
3. Results
3.1. Susceptible period for induced myopia
3.1.1. Ocular refraction
Fig. 2A and Table 1 show the mean ocular refraction
by streak retinoscopy for the deprived and control eyes.
Both the deprived and control eyes showed hyperopic
refractions as measured by streak retinoscopy. Approx-
imately five diopters of this hyperopia can be attributed
to the small eye artifact [27,29]. The deprived eyes were
significantly myopic compared to their fellow control
eyes in every group (ANOVA, LSD, PB0.05). Because
the refractive state of normal animals is nearly identical
in the two eyes [27], we have quantified susceptibility as
the difference in refraction between the treated and
control eyes rather than the absolute refraction of the
deprived eye. This difference, shown in Fig. 2B, was
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Table 1
Refractions and ocular component dimensions (mean9S.E.M.)
Axial lengthaRefraction RefractionGroup Cornea radius Anterior segment Lens thickness Vitreous chambera
(retinoscopy) (mm)(days of VE) (mm)(optometer) (mm)(mm) (mm)
(D) (D)
After MD
6.591.3 –0.491.6 3.1090.05 1.0290.01 3.2390.017–19 3.2690.03D 7.5190.04
9.990.8 2.191.3 3.1290.03 1.0390.01C 3.2490.02 3.1990.02 7.4690.04
D15–27 2.391.2 –2.491.4 3.1490.04 1.0290.02 3.2890.02 3.2890.05 7.5890.05
C 9.790.9 4.391.3 3.1490.05 1.0290.02 3.3090.02 3.1290.05 7.4490.05
3.291.4 –0.992.1 3.2690.06 1.0290.01D 3.3790.0321–33 3.3590.03 7.7590.05
11.091.2 6.291.3 3.2990.04 1.0490.02 3.3890.03 3.1890.02C 7.6090.04
1.592.0 0.290.7 3.1790.06 1.0790.02D 3.4290.0333–45 3.2690.02 7.7590.03
C 10.190.9 5.091.2 3.2290.04 1.0390.01 3.4490.02 3.0890.02 7.5590.01
D48–60 4.091.2 –0.991.3 3.3690.03 1.0390.02 3.5390.03 3.2190.01 7.7690.03
8.190.3 3.691.2 3.3190.02 1.0390.02C 3.5490.04 3.1290.02 7.6890.03
5.591.0 0.091.3 3.3090.02 1.0590.0163–75 3.5890.01D 3.1490.01 7.7790.02
9.290.6 4.491.5 3.3490.03 1.0290.01C 3.6090.01 3.0690.02 7.6790.02
D215–285 2.491.6 –3.592.3 3.5090.03 1.0290.02 3.9790.03 3.0990.08 8.0890.13
C 9.191.0 6.390.7 3.4990.01 1.0590.04 3.9690.00 2.9690.05 7.9790.09
7.590.0 –3.092.2 3.5690.07 1.0190.01D 4.0690.07400–470 2.9190.03 7.9890.05
7.091.6 2.594.0 3.5290.16 1.0290.01 4.0690.08C 2.8690.01 7.9390.07
After recovery
9.390.67–19 5.690.4D 3.4190.04 1.0190.01 3.6390.02 3.0790.02 7.7190.03
8.390.2 5.891.0C 3.3990.02 1.0490.01 3.6290.01 3.0890.03 7.7490.04
9.190.4 3.791.3 3.3690.05 1.0190.02D 3.6290.0215–27 3.0690.03 7.6990.03
9.890.8 5.691.6 3.3590.03 1.0290.01 3.6190.02 3.0190.03 7.6490.04C
8.091.0 5.090.8 3.4790.05 1.0090.02D 3.6790.0321–33 3.1290.02 7.7990.06
C 8.590.4 4.990.7 3.4390.06 1.0290.01 3.6690.03 3.1190.02 7.7890.04
D33–45 8.390.6 5.090.5 3.3790.02 1.0290.02 3.6890.01 3.0690.02 7.7790.02
9.190.8 5.691.0 3.3690.03 1.0190.02C 3.6790.02 3.0190.02 7.6990.02
8.290.4 2.790.5 3.4390.03 0.9890.01 3.7590.02 3.0790.02 7.8090.0248–60 D
8.190.4 3.791.5 3.4690.05 1.0190.02C 3.7490.02 3.0290.02 7.7890.02
D63–75 9.190.8 4.691.1 3.4490.03 1.0290.01 3.7490.01 3.0390.01 7.8090.02
C 9.690.4 5.791.0 3.4590.02 1.0190.02 3.7490.02 3.0090.02 7.7690.02
7.091.1 4.092.6 3.5390.01 1.0090.01D 4.0290.02215–285 2.9990.05 8.0290.08
7.590.0 4.592.2 3.5390.04 1.0290.01 4.0190.03 2.9390.03C 7.9590.06
a Measured to peak ‘s’ or the average of peaks 4 and 5; D, deprived eye; C, control eye.
significantly greater in the three middle groups (15–27,
21–33, and 33–45 days) than in the first (7–19 day)
and last two (48–60 and 63–75 day) groups indicating
a peak period of susceptibility (ANOVA, contrast anal-
ysis, PB0.05).
The refractive values obtained with the coincidence
optometer (Table 1) were lower (less hyperopic) than
retinoscopy values by an average of 4.590.3 D
(mean9S.E.M.) and were significantly more variable
(average Hartinger S.E.M.1.39, average retinoscopy
S.E.M.0.83; paired t-test, PB0.05). As has been
found in previous studies [21,27], the values obtained
with the two techniques were significantly correlated
(r20.64, PB0.05) and more importantly, showed
similar differences between deprived and control eyes
(retinoscopy difference vs coincidence optometer differ-
ence, paired t-test, not significant, P0.40). As was the
case with retinoscopy, the susceptibility in the youngest
group (7–19), measured with the coincidence optome-
ter, was significantly less than the difference in the next
three groups (ANOVA, contrast analysis, PB0.05).
The difference between the retinoscopy and optometer
values may reflect the retinoscopists’ interpretation of
the neutral point, but the similarity of the differences
between the treated and control eyes indicates that the
same criterion was used for all eyes. The greater vari-
ability in measures made with the optometer may be
related to the design of the apparatus: the optometer
beam enters the cornea in two restricted locations and
is thus very sensitive to the condition of the cornea in
these regions. In anesthetized animals, tear film break-
up may have affected the results more so than with
streak retinoscopy. Because the retinoscopy values were
less variable, and the difference in retinoscopy between
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the deprived and control eye was correlated more
closely with the difference in vitreous chamber depth
(r20.91) than were the differences in coincidence
optometer values (r20.62), we report retinoscopy val-
ues in the text and present both sets of values in Table
1.
3.1.2. Corneal radius and anterior segment
As reported previously in tree shrews [27], the
corneas of both eyes gradually flattened as a function of
age (Table 1). No significant difference in corneal cur-
vature between the deprived and control eyes was
found across the six groups or within any group. No
significant age-related change was found in anterior
segment depth, and no significant difference in anterior
segment depth was found between the deprived and
control eyes. These results are different from those
found in tree shrews deprived with eyelid closure, where
significant corneal flattening and reduced anterior
chamber depth were found in the deprived eyes [21]. It
appears that those effects were due to the eyelid closure
(perhaps the pressure of the lids on the eye), rather than
to the deprivation itself, and that the changes are not
characteristic of eyes with an induced myopia.
3.1.3. Crystalline lens
As shown in Table 1, the lenses of the deprived eyes
were slightly thinner than the lenses of the fellow
control eyes. When analyzed across all groups, the
mean difference (mean9SEM, 0.01390.003 mm)
was significant (ANOVA, PB0.05, deprived eye lens
thinner in 21 of 30 cases). Although the lenses in the
deprived eyes were thinner than in the fellow control
eyes after 12 days of deprivation, they were thicker than
before deprivation began. Therefore, the deprivation
caused a slowing of lens growth but not absolute lens
thinning.
3.1.4. Vitreous chamber depth
Fig. 3A and Table 1 show the mean vitreous chamber
depth for the deprived and control eyes at the end of
the MD period. The gradual reduction for both eyes
across the oldest four groups reflects the normal reduc-
tion in vitreous chamber depth in tree shrew due to
continued lens growth coupled with slowed axial elon-
gation [27]. The vitreous chamber was significantly
deeper in the deprived eyes compared to the fellow
control eyes in each group (ANOVA, LSD, PB0.05).
Fig. 3B shows the difference in vitreous chamber depth
between the deprived and control eyes. The difference
was significantly greater in the middle three (15–27,
21–33, and 33–45 day) groups than in the youngest
and two oldest groups (ANOVA, contrast analysis,
PB0.05), defining a period of increased susceptibility
for vitreous chamber elongation. The graphs of refrac-
tive error and vitreous chamber depth difference (Fig.
2B and Fig. 3B) are generally mirror images, emphasiz-
ing the close relationship between increased vitreous
chamber depth and induced myopia (difference in re-
fraction vs difference in vitreous chamber depth: indi-
vidual animals, r20.56; average for each group,
r20.99; both significant, PB0.05).
3.2. Susceptibility in older animals
The two animals deprived for 70 days between 215
and 285 days of VE developed a significant myopia
relative to the control eye (mean difference9S.E.M.,
6.692.6 D, PB0.05) and vitreous chamber elonga-
tion (mean difference9S.E.M., 0.1390.01 mm, PB
0.05). The two animals deprived for 70 days between
400 and 470 days of VE did not develop a significant
difference in refraction (0.591.6 D) or vitreous
chamber depth (0.0590.03 mm).
3.3. Reco6ery from induced myopia
3.3.1. Refracti6e state
After 48 days of binocular visual experience, no
significant difference in ocular refraction was found
between the previously-deprived and the control eyes in
any group. Fig. 4 and Table 1 show the refractive
Fig. 3. (A) Vitreous chamber depth as measured by A-scan ultra-
sound in the six groups. (B) Difference in vitreous chamber depth in
the six groups. Symbols are as in Fig. 2.
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Fig. 4. Change in refractive state during recovery. The solid lines indicate the equivalent spherical refraction (retinoscopy) in the deprived eye of
each animal in the six groups, measured immediately at the end of the deprivation period and at the end of the recovery period. The filled circles
indicates the mean (9S.E.M.) of the measures in the deprived eyes at the end of the MD period. The open circles indicate the mean of the same
eyes at the end of the recovery period. Dashed lines indicate the mean of the control eyes with end points offset to the right and left for clarity.
measures in the deprived eyes of each animal in the
study at the end of the deprivation period and at the
end of the recovery period. Except for one animal in
the 7–19 day group (that did not show a significant
myopic shift in the deprived eye), the refractive state in
all deprived eyes moved in the hyperopic direction
during recovery. The mean refractive values of the
previously deprived eyes, across groups, and within
groups, were significantly more hyperopic at the end of
the recovery period than they had been at the end of
the MD period (ANOVA, LSD, PB0.05). In addition,
the refractive values of the deprived eyes, which were
quite variable at the end of the deprivation period, were
significantly less variable at the end of the recovery
period (S.E.M.1.38 after MD vs 0.70 after recovery,
paired t-test, PB0.05) suggesting that the recovery was
visually guided.
3.3.2. Cornea and lens
At the end of the 48-day recovery period no signifi-
cant difference in corneal curvature or anterior segment
depth was found between the deprived eyes and the
control eyes (Table 1). The corneas of both eyes were
flatter than after the MD period, presumably reflecting
normal development. Lens thickness, analyzed across
all groups, was significantly greater in recovering eyes
compared to control eyes (mean difference9S.E.M.,
0.00990.004 mm, ANOVA, PB0.05, recovering eye
lens thicker in 22 of 30 cases). Thus, during the recov-
ery period, the lens in the previously-deprived eyes
changed from being slightly thinner than the control
eye lens, to being slightly thicker.
3.3.3. Vitreous chamber and axial length
In all six groups, the difference in vitreous chamber
depth between the deprived and control eyes was sig-
nificantly smaller at the end of the recovery period than
it had been at the end of the MD period (Table 1)
(ANOVA, LSD, PB0.05). However, in three of the
groups (15–27, 33–45 and 48–60), the vitreous cham-
ber of the previously-deprived eyes remained signifi-
cantly longer than that of the control eyes. As shown in
Fig. 5, recovery in the deprived eyes was due to a
slowing, or nearly complete cessation, of axial elonga-
tion while the lens continued to grow, thus ‘filling up’
the enlarged long vitreous chamber such that it re-
turned to a more normal size. Thus, slowing the expan-
sion rate of the posterior scleral shell (axial length) was
the primary anatomical change responsible for the re-
fractive recovery.
3.4. Reco6ery in older animals
The two animals that were deprived for 70 days
between 215 and 285 days of VE showed significant
refractive and anatomical recovery. At the end of the
48-day recovery period, the relative myopia was re-
duced from 6.692.6 to 0.591.1 D and the vit-
reous chamber difference was reduced from 0.1390.01
to 0.0690.03 mm (both reductions significant,
ANOVA, PB0.05).
3.5. Possible changes in choroidal:scleral thickness
during depri6ation and reco6ery
Wallman et al. [30] have reported that, in chick, the
choroid becomes thinner during form deprivation and
thicker during a recovery period. In an anatomical
study, Norton and Kang [31] reported a small, but
statistically significant thinning of the choroid (8 mm)
and thinning of the sclera (15 mm) in tree shrews
after 21 days of monocular deprivation with a translu-
cent diffuser. Following a 30 day recovery period, the
choroid became significantly thicker, although the
sclera appeared to remain somewhat thinner than in the
control eye. In this study we noted changes in the
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Fig. 5. Axial length in the six groups of tree shrews before MD, after MD and after recovery. Dashed lines with open symbols denote the control
eyes and solid lines with filled symbols denote deprived eyes. Relative ages are accurate within each group (12 days MD, 48 days recovery), but
the six groups are displayed separately for clarity.
A-scan waveforms that may represent a change of a
similar magnitude in choroid and:or scleral thickness
after deprivation and recovery.
The characteristic A-scan waveform obtained in tree
shrews is shown in Fig. 6A. The complex echo from
the back of the eye, labeled R:S in Fig. 6A, is shown
expanded in Fig. 6B. The negative peak denoted by
the ‘1’ indicates the anterior retinal echo confirmed by
A-scan in a test eye before and after retina removal.
Peaks ‘1’, ‘2’, and ‘3’ were consistently present in both
eyes of animals in all age groups, in the pre-operative,
post-MD, and post recovery measurements. Peak ‘5’
appears to represent the posterior scleral surface and
peak ‘6’ is ‘ringing’ as the echo from the last surface is
damped out. Judging by the total distance between
peak ‘1’ and ‘5’ and the measured distance between
the front of the retina and the back of the sclera in
tree shrews [27,31], peaks ‘1’, ‘2’ and ‘3’ are likely
retinal in origin, and peaks ‘4’ and ‘5’ are likely re-
lated to the choroid and sclera. Peaks ‘4’ and ‘5’ were
often present in both eyes in the pre-operative mea-
surements, were typically present in the control eye at
the post-MD (Fig. 6C) and the post-recovery (Fig. 6E)
measurements. In the deprived eye, as shown in Fig.
6D, a single peak was typically present after depriva-
tion instead of two peaks. At the post-recovery mea-
sure (Fig. 6F), typically two peaks were present. This
pattern has also been observed in other studies from
this laboratory [25,32].
The ultrasound echo from a single surface is a
reflected waveform with a duration that is dependent
on several factors, including the frequency of the
transducer. The 15 MHz transducer used in these ex-
periments could not resolve two surfaces that are sepa-
rated by less than approximately 200 mm because of
interference between the reflected waveforms from
each surface [43]. The complex R:S waveform was
likely produced by the interaction of echoes from the
various retinal, choroidal, and scleral surfaces. While
perhaps not all of the peaks produced by the interac-
tion of the individual echoes represent real surfaces,
they were consistently present, suggesting a consistent
spacing of the surfaces. The change from two peaks in
the pre-deprivation measures (Fig. 6B) to a single peak
in the post-MD measure (Fig. 6D) is consistent with a
shift in the relative position of one or more surfaces in
the posterior half of the retina:choroid:sclera complex
that changed the interaction between the echoes from
each surface. As in a previous report Norton and
Rada [25], the values reported for vitreous chamber
and axial length in Figs. 3–5 and 8, and in Table 1,
were measured to the single peak ‘s’ or to the average
of peaks ‘4’ and ‘5’ when both were present.
Peak 1 and peak 5 (or s when there is a single peak)
likely represent real surfaces: the vitreo-retinal inter-
face and the back surface of the sclera. Therefore, the
distance between these two peaks (indicated by the
vertical lines in Fig. 6C,D,E,F) may represent the
combined thickness of the retina, choroid, and sclera.
As shown in Fig. 7, the average distance between these
peaks was significantly less (mean difference9S.E.M.;
3294 mm, ANOVA, LSD, PB0.05) at the end of
the MD period in the deprived eyes when comparison
with the control eyes (deprived eyes, 32394 mm; con-
trol eyes, 35595 mm). Following recovery, the dis-
tance was significantly greater in the recovering eyes
(mean difference9S.E.M.; 2594 mm, ANOVA, LSD,
PB0.05) when compared with the control eyes (recov-
ering eyes, 36294 mm; control eyes, 33794 mm). In
the treated eyes, the distance decreased significantly
during deprivation and increased significantly during
recovery (ANOVA, LSD, PB0.05). In the control
eyes the distance decreased significantly from the post
to recovery measurement (ANOVA, LSD, PB0.05).
In general, the distance between the peaks in the
treated and control eyes changed in opposite direc-
tions during both deprivation and recovery.
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Fig. 6. (A) A-scan ultrasound waveform from the pre-deprivation measurement of an eye from an animal in the 21–33 day group. The four peaks
represent the cornea (C), anterior lens surface (La), posterior lens (Lp), and the retina:scleral region (R:S). Time scale bar2 ms. (B) Expanded
view of the retina:scleral portion of the waveform from the same eye as shown in (A) (see text for detailed description of peaks). This eye is also
shown in (D) and (F). Time scale bar0.5 ms. (C). Retinal:scleral waveform from the control eye at the end of the MD period, showing the
presence of two peaks (4 and 5). (D) Waveform from the deprived eye at the end of the MD period, showing a single peak (‘s’). (E) Control eye
waveform at the end of the recovery period, showing two peaks as in (C). (F). Deprived eye waveform at the end of the recovery period, showing
the presence of the two posterior peaks. The vertical lines in (C) and (D) illustrate the decrease in distance between the first and last peak in the
deprived eye. The vertical lines in (E) and (F) illustrate the increase in the distance in the recovering eye.
4. Discussion
4.1. The susceptible period
The results of this study suggest that, in tree shrews,
there is a susceptible period for form deprivation in-
duced myopia, with a distinct onset, rather than simply
a decline of susceptibility with age. The significant
myopia and axial elongation induced in two young
adult animals (8 months of age) suggests that suscepti-
bility does not end at sexual maturity (4 months of
age), and that form deprivation can induce myopia
after the eye has reached its full adult length. Thus, like
humans [33,34] tree shrews can develop an ‘adult onset’
myopia that is due to vitreous chamber elongation.
Failure to induce elongation and myopia in 1.5 year old
animals suggests that susceptibility eventually drops to
zero. However, a longer MD period might have pro-
duced an effect.
During normal development, the eyes of both tree
shrews and humans grow in distinct fast (infantile) and
slow (juvenile) phases (Fig. 8A,B). In tree shrews, sus-
ceptibility to deprivation-induced myopia is not re-
stricted to the rapid growth phase and is not simply a
function of the normal elongation rate of the eye (Fig.
8C). Rather, susceptibility begins as the infantile phase
is ending, is highest during the juvenile phase, and
extends into young adulthood. One might argue that
human and tree shrew eye growth should be compared
by matching the day of birth in humans to the day of
eye opening in tree shrews (rather than the day of birth
as in Fig. 8) because each represents the first day of
visual experience. Comparing the growth curves in this
manner, the elongation rate is still five times higher at
eye opening than it is during the peak of susceptibility
(Fig. 8C). Thus, the conclusion that tree shrews are
susceptible to form deprivation during the juvenile slow
growth phase is unaltered.
Why tree shrew pups show no susceptibility to in-
duced myopia for the first 2 weeks after eye opening
[21] is unknown. It is possible that the pups, which
remain in the darkened nest box much of the time
during this period, are exposed to insufficient visual
stimulation to induce myopia. Another possibility is
that the eye is growing so rapidly during this period
that form deprivation cannot increase the elongation
rate. The absence of susceptibility during the first 2
weeks after eye opening in tree shrews may differ from
the situation in children. Although most myopia devel-
Fig. 7. Estimated combined thickness of the retina, choroid, and
sclera before MD (pre), after MD (post), and after recovery (recov-
ery). Conduction velocity was assumed to be 1.54 m:s [27]. The heavy
lines without symbols are the average for the deprived and control
eyes across all groups.
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Fig. 8. (A) Development of axial length in normal tree shrews from birth to 110 days of age (approximately 90 days of VE). The data are pooled
ultrasound measures (mean9S.D.) from 109 normal animals studied in this laboratory. The values from both eyes of each animal were averaged
and the mean used as the axial length for that animal. The right vertical scale shows the axial length as percent adult length with adult length
taken as 8.0 mm. (B) Normal development of axial length in children [15]. Adult length taken as 23 mm. (C) Normal axial elongation rate (scale
on the left ordinate) and susceptibility to induced myopia (scale on the right ordinate) in tree shrews. Lower abscissa scale is age, the upper
abscissa scale is days of visual experience (VE). The elongation rate, derived from the slope of the lines between data points in Fig. 8A, was
calculated as the amount of daily elongation divided by the axial length at birth. The rate is plotted at the midpoint of the comparison range (e.g.
the elongation rate between 15 and 30 days of VE (35 and 50 days of age) is plotted at 42.5 days of age.) Susceptibility, the difference between
the control eye and deprived eye retinoscopy values from Fig. 2B, is similarly plotted at the mid-point of each 12-day MD period. The vertical
dashed line indicates natural eyelid opening.
ops in children in the United States during the juvenile
period (after age 6), there is evidence that children are
susceptible to form deprivation myopia early in life
during the rapid growth phase [9,10]. In addition, in
other locales, such as Taiwan where formal schooling
begins at an earlier age than in the United States, the
onset of myopia also appears to be earlier. To the
extent that near-work and defocus from under-accom-
modation contribute to the development of myopia
[35,36,44], the low incidence of myopia in 2–6 year old
children in the United States [37] may reflect the ab-
sence of extensive near work during this age range.
Thus, human susceptibility may begin near birth and
continue through both the infantile and juvenile
periods.
4.2. Changes in lens and choroid:sclera thickness
This study found a small, but consistent and statisti-
cally significant slowing of crystalline lens growth dur-
ing deprivation, and an equally small, but also
consistent, increase in lens growth during recovery.
Previous studies utilizing eyelid closure [21,38] and
deprivation with a translucent diffuser [25] also found
this result, suggesting that slowed lens development is a
consistent effect of visual deprivation. The increased
lens growth found during recovery has not been re-
ported previously.
The optical effects of the change in lens thickness are
small. Using the schematic eye developed for tree shrew
by Norton and McBrien [27] and a ray tracing program
developed by O’Keefe and Coile [39] the observed
difference in lens thickness at the end of the MD period
(assuming lens curvature did not change) would ac-
count for approximately 0.25 D of the myopic shift
in refraction. Similarly, the increased lens thickness
during recovery might have contributed approximately
0.25 D to refractive recovery, based solely on the
change in thickness.
Analysis of the A-scan results from this study (Figs.
6 and 7) suggests that changes in the thickness of the
choroid may occur during deprivation and recovery
that could move the photoreceptors axially by 30–40
mm as an upper limit. Optically, this would produce
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approximately a 1.3–1.8 D change in refractive state
[27]. The possible changes in choroid thickness are
similar in direction, but much smaller in magnitude,
than the obvious choroidal thinning and thickening
that has been found in the chick during experimentally-
induced myopia induction and recovery [30]. However,
the presence of similar changes in tree shrews and
chicks would suggest that this is a general phenomenon
that may reflect the participation of the choroid in the
transmission of information from the retina to the
sclera as part of the emmetropization mechanism.
4.3. Reco6ery
Recovery from induced myopia was observed in all
animals in all groups with the exception of one animal
in the youngest group that did not develop myopia and
axial elongation. Even the two animals with adult onset
myopia showed recovery. Therefore, it appears recov-
ery is a robust phenomenon in tree shrews and can
occur over at least as wide a range of ages as found for
the susceptible period.
Recovery from induced myopia has been reported in
other species, including chick [17] and monkey [40]. A
previous study in tree shrew using eyelid closure to
produce form deprivation [21] did not find recovery; the
vitreous chamber remained elongated during the ‘recov-
ery’ period. However, corneal flattening in the lid-su-
tured eyes reduced the amount of myopia experienced
by the deprived eyes during recovery below that which
would have occurred based on the amount of vitreous
chamber elongation. A recent study by McBrien et al.
[41] found that optically correcting a myopia induced
by form deprivation with a goggle prevented recovery,
while eyes in which there was no optical correction
showed recovery. The corneal flattening of the lid-su-
tured eyes in the original study [21] may have provided
substantial optical ‘correction’, removing the visual
stimulus for vitreous chamber recovery. Taken to-
gether, these studies along with the reduced variability
of the refractive measures in recovered eyes (Fig. 4),
suggest that recovery in tree shrews is visually guided.
If it were simply due to the eye returning to its normal
shape when form deprivation was removed [42], the
optically corrected eyes should have shown recovery,
but did not [41].
4.4. Conclusions
We conclude that axial elongation in tree shrew eyes
can be readily influenced by the visual environment to
produce myopia and recovery during the same juvenile
period of ocular development when most children first
develop ‘simple’ or ‘school’ myopia. These findings not
only provide evidence favoring the presence of an
emmetropization mechanism in tree shrews, but also
strengthen our hope that the knowledge gained from
the study of this animal model will be applicable to the
development of emmetropia and refractive error in
children.
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